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ABSTRACT
We report the first scientific results from the NELIOTA (NEO Lunar Impacts and Optical TrAnsients) project, which has recently
begun lunar monitoring observations with the 1.2-m Kryoneri telescope. NELIOTA aims to detect faint impact flashes produced by
near-Earth meteoroids and asteroids and thereby help constrain the size-frequency distribution of near-Earth objects in the decimeter
to meter range. The NELIOTA setup, consisting of two fast-frame cameras observing simultaneously in the R and I bands, enables –
for the first time – direct analytical calculation of the flash temperatures. We present the first ten flashes detected, for which we find
temperatures in the range ∼ 1, 600 − 3, 100 K, in agreement with theoretical values. Two of these flashes were detected on multiple
frames in both filters and therefore yield the first measurements of the temperature drop for lunar flashes. In addition, we compute the
impactor masses, which range between ∼ 100 g and ∼ 50 kg.
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1. Introduction
The estimation of the impact flux of near-Earth objects (NEOs)
is important not only for the protection of human civilization, but
also for the protection of space assets, which could be damaged
or at least perturbed even by small, mm- to cm-size impactors. A
recent example that reveals this necessity was the Chelyabinsk
event in 2013, which was caused by a 20-m impactor and mem-
ber of the NEO population. This collision was responsible for
1,500 injured civilians and a few thousand damaged human as-
sets in the area (Popova et al. 2013). The precise flux density of
objects in this size range is not yet well known. A promising
method for constraining NEO flux densities in this size range is
via the detection of impact flashes on the Moon.
A plethora of laboratory impact experiments have been con-
ducted over the last 40 years initiated primarily to study space-
craft shielding, using mainly metallic materials (Holsapple et al.
2002, and references therein). Apart from these technical exper-
iments, hypervelocity impacts (impact speeds v > 1 km s−1) are
also studied at small scales. One important goal is to extrapo-
late the results to larger size and velocity scales, towards the
understanding of the collisions on planetary surfaces by aster-
oids and comets or even among the small bodies, for example
the inter-asteroid collisions in the Main Belt. It has been clearly
shown that several impactor parameters, such as the impactor’s
size, density, velocity and impact angle affect the collision out-
come, for example, the crater formation and the size and speed
of the ejecta plume (Ryan & Melosh 1998; Housen et al. 1999;
Housen & Holsapple 2003, 2011; Avdellidou et al. 2016, 2017).
Observations have shown that, for example, highly porous ob-
jects tend to be destroyed tens of km above the surface of the
Earth, as was the case with 2008 TC3 (Jenniskens et al. 2009;
Bischoff et al. 2010) and the Benesov bolide (Borovicka et al.
1998).
Telescopic surveys, such as the Catalina Sky Survey
(Drake et al. 2009) and Pan-STARRS (Chambers et al. 2016),
are continuously discovering new objects, which are verified
by follow-up observations from observers all around the world.
Space missions such as WISE and the Spitzer Space Telescope,
along with spectroscopic observations, provide valuable data to
start characterizing the physical properties of NEOs, such as
their diameters, albedos, and spectral types. Over 16,300 NEOs
have been identified (HORIZONS System 2016, as of August
2017) of which only 1,142 have known diameters d (Delbo et al.
2017), with the smallest ones being less than ten meters. The
NEO population consists of small bodies delivered from the
source regions of the Main Belt via mean motion and secular res-
onances with the planets (Bottke et al. 2000, 2002). Currently,
the completeness of the observed sample is at d ∼ 1 km, as
surveys are not able to massively detect NEOs that are smaller
than a few tens of meters in diameter. In fact, the very small
bodies are usually detected when their position on their orbit
comes at close proximity to Earth. For example, the 4-m near-
Earth asteroid 2008 TC3 was discovered only 19 h prior to its
impact on Earth and immediate radar observations provided its
size (Jenniskens et al. 2009).
During the last decades, advances have been made by sev-
eral groups leading to a better estimation of the sizes of small
impactors and their flux on the Moon, correcting for the Earth
as a target. This was done by calculating the luminous efficiency
η of the detected flashes, which is defined as the fraction of the
impactor’s kinetic energy (KE) that is emitted as light at visi-
ble wavelengths (L), that is, L = η × KE. Great uncertainties
occur during these calculations when the events originate from
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sporadic NEOs (those not associated to meteor streams), since
the collisional velocity of the meteoroids on the Moon is un-
known. Several authors adopt average impact speeds for the lu-
nar surface spanning a wide range between 16 and 24 km s−1
(Ortiz et al. 2000, 2002; Suggs et al. 2014). Uncertainties in the
speed estimation lead to uncertainties of the luminous efficiency
value η. The current estimations of the luminous efficiency of
the lunar impactors range over an order of magnitude resulting
in weakly constrained masses. However, when the impact events
are linked to a known meteoroid stream, this unknown param-
eter can be constrained (e.g., Bellot Rubio et al. 2000) yielding
masses that can be appended to the current known impactors’
size distribution (Harris et al. 2015) and can also be used for fur-
ther studies.
Apart from the NEO flux and size distribution, the lunar
surface serves as a large-scale impact laboratory to study the
impact events. The term “large-scale” refers both to the im-
pactor sizes and speeds when comparing them to laboratory-
based hypervelocity experiments, where the sizes of impactors
are typically a few mm and the speeds below 8 km s−1 (e.g.,
Burchell et al. 1999). The collisions of NEOs on the Moon give
rise to several phenomena that can be detected and further stud-
ied, such as impact cratering (Speyerer et al. 2016), seismic
waves (Oberst & Nakamura 1991) and the enhancement of the
lunar atmosphere with sodium (Verani et al. 1998; Smith et al.
1999).
The light flash produced by an impact depends on several
parameters, including the mass and speed of the impactor. Even
when the mass and speed are known, the different combina-
tions of mineralogical compositions of both the target and im-
pactor will affect the result. Pioneering laboratory experiments
were conducted more than 40 years ago, using dust accelerators
and photomultipliers with filters at several wavelengths, allow-
ing the estimation of the plasma temperature (Eichhorn 1975,
1976; Burchell et al. 1996a,b). Therefore the study of impact
flashes could provide insight to the complex problem of energy
partitioning during an impact event, when the majority of physi-
cal parameters are constrained or measured (e.g., mass and speed
of the impactor, crater size, ejecta speed).
The NELIOTA project1 (Xilouris et al., in prep.) provides the
first lunar impact flash observations performed simultaneously
in more than one wavelength band. In Section 2 we present the
instrumentation, observation strategy and the first ten lunar im-
pact flashes from NELIOTA, providing their durations and mag-
nitudes. In Section 3, we focus on the first ever measurement
of impact flash temperatures using our two-colour observation
technique, while in Section 4 we present a new approach to esti-
mate the impactors’ masses. The discussion and conclusions are
given in Section 5.
2. Observations
NELIOTA has upgraded the 1.2-m Kryoneri telescope2 and con-
verted it to a prime-focus instrument with a focal ratio of f/2.8 for
lunar monitoring observations. The telescope has been equipped
with two identical Andor Zyla scientific CMOS cameras, which
are installed at the prime focus and are thermoelectrically cooled
to 0 degrees. A dichroic beam-splitter with a cut-off at 730 nm
directs the light onto the two cameras (2560 × 2160 pixels2,
6.48 µm per pixel), which observe in visible and near-infrared
1 https://neliota.astro.noa.gr
2 http://kryoneri.astro.noa.gr/
wavelengths using R and I Cousin filters, respectively. The max-
imum transmittance of each filter is at λR = 641 nm and λI =
798 nm, corresponding to a maximum quantum efficiency of
∼ 50% and ∼ 40%, respectively. The field-of-view of this setup
is 16.0′ × 14.4′. We use the 2 × 2 binning mode, which yields
a pixel-scale of 0.8′′, as it best matches the 1.2 − 1.5′′ average
seeing and results in a lower volume of data. Currently, the NE-
LIOTA system has the largest telescope with the most evolved
configuration that performs dedicated monitoring of the Moon,
in search of faint lunar impact flashes.
Observations are conducted on the dark side of theMoon, be-
tween lunar phases ∼0.1 and 0.4. The maximum lunar phase dur-
ing which observations can be obtained is set by the strength of
the glare coming from the sun-lit side of the Moon. The observa-
tions begin/end ∼20 min after/before the sunset/sunrise and last
for as long as the Moon is above an altitude of 20◦. The altitude
limit is set due to limitations from the dome slit. The cameras si-
multaneously record at a frame rate of 30 frames-per-second or
every 33 ms, in 2 × 2 binning mode. The exposure time of each
frame is 23 ms, followed by a read-out time of 10 ms. The ob-
servations are split into “chunks” that are 15 min in duration. At
the end of each chunk, a standard star is observed for calibration
purposes. The standard stars have been carefully selected a) to
be as close as possible to the altitude of the Moon and b) to have
similar color indices to the expected colors of the flashes (i.e.,
0.3 < R − I < 1.5 mag). Flat-field images are taken on the sky
before or after the lunar observations, while dark frames are ob-
tained directly after the end of the observations. The duration of
the observations varies between ∼25 min and ∼4.5 h, depending
on the lunar phase and the time of year.
The novelty of the NELIOTA instrumentation setup is that it
simultaneously acquires data from two detectors and at two dif-
ferent wavelengths. This setup enables the validation of a flash
from a single telescope and site, since a real event that is bright
enough will be detected by both cameras at the same position
and at the same time, whereas cosmic ray artefacts will only be
detected by one camera at any given position and time. Although
satellites are also common artefacts, they are typically recorded
as streaks. Satellites moving at low enough speeds so as not to
show up as streaks in our 23-ms exposure time have to be far
away – assuming, in the worst case, an object with a perigee of
300 km, the apogee has to be at least at 17,500 km to result in
an apparent movement of less than 1 pixel per 23 ms. At this
distance, an object with a reflectivity of 0.5 would need to be at
least 2 m in size to be detected as a magnitude-11 flash. Geosyn-
chronous satellites could also produce artefacts due to reflection
of sunlight off their solar panels. However, since their positions
are well known and clustered around a declination of approx-
imately zero, they pose no major concern as artefacts, as they
can be ruled out by using available catalogs of geosynchronous
satellite positions.
This paper presents and analyzes the first ten flashes that
were validated during the testing phase and the first months of
the NELIOTA campaign, from February to July 2017. These
flashes originate from sporadic NEOs. We checked various or-
bital catalogs of satellites and could not find any objects in front
of the Moon at the times of the detected flashes. We note that
the synchronization of the cameras during the frame acquisition
for these flashes is better than 6 ms. All validated flashes are
made available on the NELIOTA website within 24 hours of the
observations.
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Photometry
The data reduction is performed automatically by the NELIOTA
pipeline (described in Xilouris et al., in prep.) using the median
images of the respective calibration files (flat and dark images).
These master-images are used to calibrate the data of the Moon
as well as those of the standard stars. The pipeline searches for
flashes on the images, after computing and subtracting a running,
weighted average image, which removes the lunar background.
Due to the nonuniform background around a flash, which
is caused by surface features of the Moon (e.g., craters, maria)
and earthshine, we performed photometry of the flashes on
background-subtracted images. We created these images by sub-
tracting a median lunar image based on the five frames before
and five frames after the event. Aperture photometry with the
AIP4WIN software (Berry & Burnell 2000) was then performed
for both the flashes and standard stars observed nearest in time
for each flash. Optimal apertures corresponding to the maximum
in the signal-to-noise ratio (S/N) of the flux measurement were
used for the flashes to avoid adding noise from the subtracted
background, while large apertures were used for the standards.
Since the standard stars are observed at approximately the same
airmass as the lunar surface, we can compute the flash magni-
tudes in each filter as:
m f lash = mstar + 2.5 log
(
S
F
)
, (1)
where mstar and m f lash are the calibrated magnitude of the stan-
dard star and the magnitude of the flash, respectively, and S and
F are the fluxes of the star and flash for the same integration
time. All photometric measurements and error determinations
were independently computed using the IRAF3 apphot pack-
age and were found to agree within errors with the results from
AIP4WIN.
Table 1 presents the date and universal time at the start of
the observation for each impact flash detection, its R and I−band
magnitude and error, the duration recorded in I, as well as the
temperature and mass measurements are described in the fol-
lowing Sections. The flash durations are estimated by multiply-
ing the 33-ms frame rate by the number of frames the flash was
detected on and are thus upper limits to the real flash duration.
The durations range between 33 and 165 ms, in agreement with
previously reported values (e.g., Yanagisawa & Kisaichi 2002).
We note that Flashes 2, 6, 7, and 10 were detected over multiple,
consecutive frames. Flashes 2 and 10 are the brightest flashes
in the current dataset and had simultaneous detections in both
bands in consecutive frames. They are used below to measure
the temperature evolution of the flashes.
3. Temperature estimation of the impact flashes
The NELIOTA observations provide the first observational evi-
dence for the temperature of impact flashes. Since we measure
the emitted flux density in two different filters (R and I), we
can determine the flash temperature by comparing the intensities
in the two wavelength bands. Assuming black-body emission
(Eichhorn 1975; Burchell et al. 1996b; Ernst & Schultz 2004;
Suggs et al. 2014), a given temperature will result in a specific
ratio between the measured intensities in the R and I−bands.
3 IRAF is distributed by the National Optical Astronomy Observatory,
which is operated by the Association of Universities for Research in As-
tronomy (AURA) under cooperative agreement with the National Sci-
ence Foundation.
The ratio of the energies E1/E2 released in two differ-
ent wavelengths depends only on the temperature T . Here we
present an analytical method for calculating the temperatures of
the NELIOTA flashes. The Planck formula is given by:
B(λ, T ) =
2hc2
λ5
1
exp( hc
λkBT
) − 1
, (2)
where h = 6.62 × 10−34 kg m2 s−1 is the Planck constant, c =
3×108 m s−1 the speed of light, kB = 1.38×10
−23 kg m2 s−2 K−1
the Boltzmann constant, T and λ the temperature of the flash and
the wavelength of the photons, respectively. Dividing the Planck
formula with the energy E = hc/λ per photon, we obtain the
photon radiance per wavelength LP(λ, T ):
LP(λ, T ) =
2c
λ4
1
exp( hc
λkBT
) − 1
. (3)
Equation 3 is now linked to the absolute flux, fλ, of the flash as:
fR = ΩLP(R, T ) and fI = ΩLP(I, T ) for each filter, (4)
where Ω is a constant. Since the observations are performed si-
multaneously at two different wavelengths, R and I, we measure
the two instrumental fluxes for the flash (FR and FI) and for the
standard star (S R and S I). These measured fluxes are linked to
the absolute ones ( fR, fI and sR, sI) with the factors ξR and ξI ,
which depend on the instrument and atmospheric transmission.
Therefore, for each λ we get:
FR = ξR fR and FI = ξI fI for the flash, (5a)
S R = ξRsR and S I = ξI sI for the star. (5b)
Using the color of the standard star (R − I), which is known
from the literature, and the ratio of Eq. 5b we obtain the value of
the ratio of ξI/ξR,
R − I = −2.5 log
(
sR
sI
)
= −2.5 log
(
ξI
ξR
S R
S I
)
, (6a)
ξ =
ξI
ξR
=
S I
S R
10−0.4 (R−I). (6b)
The ξ value is now used to find the ratio of the flash flux in
both filters fR/ fI using Eq. 5a. From the ratio of Eq. 4, substitut-
ing the LP(R, T )/LP(I, T ) expressions from Eq. 3 and the fR/ fI
using Eq. 5a, we have:
LP(R, T )
LP(I, T )
= ξ
FR
FI
, (7)
and thus the temperature T becomes the only unknown parame-
ter, which is calculated numerically using Eq. 7.
For each event, we performed 105 Monte Carlo simulations
in order to compute the standard deviation of each temperature
measurement. At each iteration, random numbers were obtained
from the observed flux distribution. The values of fR and fI were
extracted from a Gaussian distribution centered at the nominal
value of each flux, while adopting the standard deviation that
resulted from the photometry. All temperatures and their uncer-
tainties are presented in Table 1.
The multi-frame Flashes 2 and 10 enable us to calculate the
drop of the temperature for the first time, as they have simulta-
neous detections in both bands in consecutive frames. We find a
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Table 1: Dates, universal times (UT), magnitudes in each filter, duration recorded in the I−band and listed for the first entry of each
flash, temperatures and impactor masses of the first ten NELIOTA flashes. Multiple entries per flash correspond to the consecutive
frames they were detected on. Masses are calculated for both η1 and η2 values (see text for details).
Flash Date UT R ± σR I ± σI Duration T ± σT Mass (η1) ± σM Mass (η2) ± σM
(mag) (mag) (ms) (K) (kg) (kg)
1a 2017-02-01 17:13:57.863 10.15 ± 0.12 9.05 ± 0.05 33 2350 ± 140 0.6 ± 0.3 0.2 ± 0.1
2_1b 2017-03-01 17:08:46.573 6.67 ± 0.07 6.07 ± 0.06 132 3100 ± 30 4.4 ± 0.5 1.6 ± 0.2
2_2 2017-03-01 17:08:46.606 10.01 ± 0.17 8.26 ± 0.07 − 1775 ± 100 − −
2_3 2017-03-01 17:08:46.639 − 9.27 ± 0.10 − − − −
2_4 2017-03-01 17:08:46.672 − 10.57 ± 0.15 − − − −
3b 2017-03-01 17:13:17.360 9.15 ± 0.11 8.23 ± 0.07 33 2568 ± 130 0.9 ± 0.4 0.4 ± 0.1
4c 2017-03-04 20:51:31.853 9.50 ± 0.14 8.79 ± 0.06 33 2900 ± 270 0.4 ± 0.3 0.2 ± 0.1
5d 2017-04-01 19:45:51.650 10.18 ± 0.13 8.61 ± 0.03 33 1910 ± 100 2.3 ± 1.0 0.8 ± 0.4
6_1e 2017-05-01 20:30:58.137 10.19 ± 0.18 8.84 ± 0.05 66 2070 ± 170 1.3 ± 0.9 0.5 ± 0.3
6_2 2017-05-01 20:30:58.170 − 10.44 ± 0.21 − − − −
7_1f 2017-06-27 18:58:26.680 11.07 ± 0.32 9.27 ± 0.06 66 1730 ± 210 2.5 ± 2.4 0.9 ± 0.9
7_2 2017-06-27 18:58:26.713 − 10.80 ± 0.21 − − − −
8g 2017-07-28 18:42:58:027 10.72 ± 0.24 9.63 ± 0.10 33 2340 ± 310 0.4 ± 0.5 0.2 ± 0.2
9g 2017-07-28 18:51:41.683 10.84 ± 0.24 9.81 ± 0.09 33 2410 ± 310 0.3 ± 0.3 0.1 ± 0.1
10_1g 2017-07-28 19:17:18.307 8.27 ± 0.04 6.32 ± 0.01 165 1640 ± 20 55 ± 19 20 ± 7
10_2 2017-07-28 19:17:18.340 9.43 ± 0.12 7.44 ± 0.02 − 1620 ± 70 − −
10_3 2017-07-28 19:17:18.373 − 8.89 ± 0.07 − − − −
10_4 2017-07-28 19:17:18.406 − 9.38 ± 0.11 − − − −
10_5 2017-07-28 19:17:18.439 − 10.29 ± 0.23 − − − −
Notes. The standard stars used for the calibration of each flash are: (a) SA 92−263, (b) SA 93−333, (c) SA 97−345, (d) LHS 1858, (e) 2MASS
J09212193+0247282, (f) GSC 04932−00246, (g) GSC 00362−00266.
temperature decrease of 1,325± 104 K for Flash 2 and 20 ± 73 K
for Flash 10, that is, between the first detection and the subse-
quent one 33 ms later. The temperature evolution appears very
different for each case and indicates a large difference in the im-
pactor size, as a larger and heavier object will take longer to cool.
A larger sample of multi-frame flashes from NELIOTA will al-
low us to determine the cooling behavior of the flashes and its
relation to the impactor mass. Figure 1 illustrates the light curve
evolution for the four multi-frame flashes and temperature evo-
lution for Flashes 2 and 10. The data are plotted at the end of the
frame read-out of the corresponding measurement. All I−band
light curves have a similar slope. Flash 2 presents a steeper de-
crease in the R−band than in the I−band.
4. Mass estimation of the impactors
The first step for the mass estimation is to derive the luminosity
L of the impact event. Given that observations up to now were
mostly carried out using a single R−band filter, the value of L
was not well constrained (Bellot Rubio et al. 2000; Bouley et al.
2012; Ortiz et al. 2015; Madiedo et al. 2015; Suggs et al. 2014,
2017). In this paper, we are able to estimate T for the first
time from the two wavelength bands provided by NELIOTA,
and therefore can directly derive the luminous energy. Assum-
ing black-body radiation from a spherical area, the bolometric
energy is expressed in Joules as:
L = σAT 4t, (8)
whereσ = 5.67×10−8 W m−2 K−4 is the Stefan-Boltzmann con-
stant, A = 2πr2 the emitting area of radius r for a flash near the
lunar surface, T the flash temperature derived above, and t the
exposure time of the frame when the photons were integrated.
However, this calculation is not straightforward since we do not
know the size of the radiating plume. A reasonable assumption is
that the flashes are not resolved and thus the area is smaller than
the pixel-scale (0.8”), which corresponds to a linear distance of
∼1,500 m at the center of the Moon’s disk.
The flux of the event at a specific wavelength, fλ, is related
to Planck’s law expressed in photon radiance per wavelength (as
described in Eq. 3 & 4):
fλ =
LP(λ, T )ǫπr
2
D2
, (9)
where r is the radius of the radiative area, D the Earth-Moon dis-
tance at the time of the observation and ǫ the emissivity, which
we assume to be 1. The monochromatic flux of the flash fλ can
be calculated from:
mλ − mVega(=0) = −2.5 log
(
fλ
fVega,λ
)
; (10)
therefore Eq. 9 can be solved for the unknown area of radius r.
For the error estimation in r, we followed the approach described
for the T error estimation. We performed Monte Carlo simula-
tions for the absolute flux estimation using Eq. 10, by randomly
selecting flash magnitudes (mλ) from their Gaussian distribution,
with centers and standard deviations from the values of Table 1.
This procedure was repeated for each filter and returned the ab-
solute fluxes with their 1σ values. In turn, these values were used
as input for new Monte Carlo simulations, the calculation of r,
and the final value comes from the average of the A-value that
was found for each filter. We use a simple average of the two
derived areas (one for each filter) for a single event since the dif-
ferences were small. The luminosity of the flash L, which now
can be easily derived from Eq. 8, is just a fraction η (luminous
efficiency) of the impactor’s initial kinetic energy KE:
KE =
L
η
=
1
2
mv2, (11)
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where m in kg is the mass of the impactor and v in m s−1
the impact speed. In this work we use the formula derived by
Swift et al. (2011) and also used by Suggs et al. (2014):
η = 1.5 × 10−3e−(vo/v)
2
, (12)
where vo = 9.3 km s
−1, in order to estimate the luminous effi-
ciencies η1 and η2 for two extreme impact velocities, 16 km s
−1
and 24 km s−1 (Steel 1996; McNamara et al. 2004), respec-
tively. Table 1 presents the resulting masses, which range be-
tween 0.3 − 55 kg for η1 = 1.07 × 10
−3 and 0.1 − 20 kg for
η2 = 1.29 × 10
−3.
5. Discussion and Conclusions
NELIOTA is the first lunar monitoring system that enables
the direct temperature measurement of observed lunar impact
flashes, thanks to its unique twin camera and two-filter observa-
tion setup. Until now, the temperature could only be estimated,
as it was based on modeling or experimental work. For exam-
ple, Suggs et al. (2014) used T=2,800 K from Nemtchinov et al.
(1998). Cintala (1992) suggested that the flash temperatures,
which depend on the type of material on the lunar surface, should
range between 1,700 K and 3,800 K. The agreement of the val-
ues we obtain for the first NELIOTA flashes (∼1,600–3,100 K)
Fig. 1: Upper panel: Light curves of the four multi-frame events
in the I (filled circles; solid line) and R (open circles; dotted line)
bands. Lower panel:Temperature evolution for Flashes 2 and 10.
with the theoretical range is of great importance for estimating
the luminosity of an impact flash and therefore its mass and size.
The estimation of the masses of the impactors is a chal-
lenging procedure because many factors contribute to the mass
uncertainty. The uncertainties of the observed fluxes contribute
to the temperature estimation, which propagates to the calcula-
tion of the radiating area A and then to the calculation of the
bolometric luminosity L. However, the parameter that has the
most important effect for the mass estimation is the luminous
efficiency. Luminous efficiencies derived from laboratory exper-
iments (Ernst & Schultz 2005) tend to be smaller by a few orders
of magnitude compared to the ones derived from observations.
Previous studies have proposed various values for the luminous
efficiency, for example, η ∼ 2 × 10−3 from observations of lunar
Leonids (Bellot Rubio et al. 2000). While we compute η from
Eq. 12 to be ∼ 1.1 − 1.3 × 10−3, other extreme values have been
used for the sporadic impactor population. Specifically, when
values in the range 10−3< η < 10−4 are used, the mass of the
same impactor can differ by an order of magnitude, even larger
than the one we calculate here. Since large uncertainties exist in
the calculation of the mass due to the unknown impact velocity,
any estimation of the size will also be uncertain. Despite these
uncertainies, our mass estimates (100 g to 55 kg) are at least
an order of magnitude higher than the values (0.4 g to 3.5 kg)
reported by Suggs et al. (2014).
The impactors can be either asteroidal or cometary in ori-
gin, implying a difference in the density. Even if we consider
the scenario that the bodies are near-earth asteroids, their den-
sities can span a large range. Bulk densities of asteroids dif-
fer according to their mineralogy and macroporosity (Britt et al.
2002; Carry 2012). However, there now exists a large col-
lection of meteorites, pieces of asteroids, and an advanced
knowledge of their densities. Average bulk densities of mete-
orites are between 1,600 and 7,370 kg m−3, where these ex-
tremes correspond to carbonaceous and iron meteorites, respec-
tively (Consolmagno & Britt 1998; Britt & Consolmagno 2003;
Consolmagno et al. 2008; Macke et al. 2010, 2011a,b). For all
these reasons, new laboratory experiments using several types of
materials will be very important for understanding impacts and
the flash-generation mechanism, as they will provide a database
of the impact parameters and their correlations (mass, impact
speed, composition, flash duration, etc.).
In summary, we report the first ten lunar impact flashes de-
tected by the NELIOTA project, using the 1.2 m Kryoneri tele-
scope. The multi-band capability of the NELIOTA cameras en-
ables us to directly measure the temperatures of the impact
flashes for the first time and to estimate the impactor masses.
We find the measured temperature values (∼1,600–3,100 K) to
agree with previously published theoretical estimates, as dis-
cussed above. Furthermore, our sample contains four multi-
frame flashes, two of which offer the opportunity for the estima-
tion of the temperature evolution of the flash. We find a decrease
of 1, 325± 104 K for Flash 2 in 33 ms, while the decrease in the
same time interval for Flash 10 (20 ± 73 K) is consistent with
zero. This difference is likely related to the fact that the impactor
producing Flash 10 has a mass that is an order of magnitude
larger than that of the impactor producing Flash 2. We also note
that Flash 10 does not appear as a point source. We expect fu-
ture detections of multi-frame and multi-band flashes with NE-
LIOTA to provide a large enough sample for it to help determine
the temperature evolution properties of impact flashes. Further-
more, our mass estimations rely on direct measurement of the
luminous energy, given the directly measured temperature. The
mass estimates that we report (100 g to 55 kg) are higher than
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previous estimations, despite the range of values assumed for the
impact velocities and the resulting values of η.
Obtaining NEO flux densities requires increasing the num-
ber of measurements of lunar impact flashes made during meteor
showers. These will be important for estimating the impactor
sizes, since their impact velocity will be constrained. NELIOTA
is expected to contribute to detections of stream impact flashes,
which will also constrain the critical, yet uncertain, value of η.
The multi-band capability of NELIOTA will generate valuable
statistics on the temperatures of impact flashes and their evolu-
tion. The comparison of these measurements with the laboratory
results will provide insight to the physics of impact flashes.
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